level, early in my career I thought that my efforts would essentially contribute to general knowledge in the field. However, new technologies have led us to exciting efforts that are translational in nature. The development of array recording from populations of cortical neurons has enabled us to develop neural prosthetics that will be able to decode the intents of paralyzed patients so they can operate assistive devices such as robotic limbs and computer tablets.
How is your approach to neural prosthetics different from others?
Other efforts have targeted the motor cortex and used the movement execution signals for prosthetic control. In our case, we are using the more cognitive intent signal from the PPC. These signals may be more intuitive and versatile for the patients, because they represent the goals of the subject and not the exact details of how to control the now paralyzed limb.
What are the biggest challenges in your field for the future? How cortical areas code information in populations of neurons is an important question that is just now beginning to be addressed. Previous work in the field has largely focused on the activity of single cells. Also, little is known about cortical circuits within the cortical column (what does the cortical column do?) or how different nodes of a circuit in different parts of the cerebral cortex transfer and transform information. In terms of neural prosthetics, an important goal is to provide somatosensory (touch and position) information back to the paralyzed subjects for operating robotic limbs. The only feedback currently available to a quadriplegic patient operating a robotic hand is vision; however, to be able to dexterously manipulate an object requires somatosensory feedback. We are now exploring sensorizing the robotic hand and using the sensor outputs to guide cortical stimulation through arrays of electrodes implanted in the somatosensory cortex in order to provide somatosensory feedback. Can you put that in cognitive terms? Once you think of animal behaviour in information-processing terms, the need for something like curiosity becomes obvious: whether learning is 'latent' or not no longer matters. The point is that, barring animals with the very simplest of lives (limpets?), information is power. Informationgathering is worth doing, even if there are no obvious payoffs at the time, as long as getting it is not unduly costly or risky. Storing information in memory is cheap, and you never know when a little knowledge may come in handy: such as when a psychologist suddenly deprives you of food, and puts you back in that maze where you'd happened to notice some cheese….
So is curiosity just as valuable for all species?
Think of all the old saying: Curiosity killed the cat. Or what happened to Pandora, when her curiosity got the better of her and she opened the box. Investigating things you don't know about, places you don't need to go, individuals you don't need to meet, may have significant costs (Figure 1 ). For genetical selection to favour curiosity, biological function must trade-off against costs. So, what is 'unduly costly' will depend on an animal's ecology. The white rat, that favourite animal of behaviourist studies, is a domestic version of Rattus norvegicus, a species that has colonized the globe from obscure origins in Central Asia, by adapting and exploiting human ways: a superb generalist. Generalists need to respond rapidly to changing environments, so it pays to explore the world and build up a mental model of what is where and how to get there.
In animal learning terms, getting extra information is 'rewarding': animals like rats will work for it. Monkeys will too, as demonstrated by some original experiments in which monkeys proved willing to work in order to open a blind -which gave them nothing more than an open view. The monkeys in question were Macaca mulatta, the common monkey of northern India: another generalist, well able to colonize cities as well as jungle. Species with very specific niches may be rather more risk-averse
Animal curiosity Richard W. Byrne
What is curiosity? If animals only behaved according to basic principles of survival and reproduction, their lives would be entirely filled with the search for key resources: finding food, drink and mating partners; avoiding undue risks, even when asleep; building up useful relationships; rearing offspring; and all the other utilitarian and essential functions biologists study. But sometimes animals also do something else: they explore objects they haven't seen before, they play around with all sorts of apparently 'useless' things ( Figure 1 ). It is tempting to think that, just like us, non-human animals -or at least some of them -show interest in the world 'for its own sake'. Humans, especially scientists, are quite proud of their curiosity. Niko Tinbergen entitled his popular book on the thennew discipline of ethology, Curious Naturalists; NASA calls its immensely sophisticated Mars exploration vehicle 'Curiosity Rover'. Should we accept that animals can also show a sort of scientific motivation, a simple curiosity about how the world is?
Isn't this what people used to call exploratory behaviour? Well yes, in part. When animal psychology was dominated by behaviourism, large numbers of smart people were watching animals do things, albeit within the confines of very restrictive test apparatus: inevitably they saw cases of animals exploring without evident reward or obvious primary motivation. In fact, the dominating theory of animal learning by instrumental conditioning -'trial and error learning' -actually required that animals explore (make 'trials') in order that some of their actions could be 'reinforced' by a desirable reward. If a rat is made hungry, naturally it explores to find food; if it is made thirsty, it explores to find water; but rats explore anyway. In one of the classic experiments from the early days of psychology, rats were allowed to wander around a maze when satiated. Then, tested later after becoming hungry, they were found
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they have to decide whether to revisit a tree that had unripe fruit last time they saw it. If the weather has been warm and sunny in between, they are more likely to revisit. Having curiosity about the weather pays, in allowing them to anticipate ripening and save effort. Although we cannot ask the jays or the monkeys, it is presumed that they are using personal memories of what they noticed, called 'episodic memory' in humans. Social animals may be curious about other individuals, adding another element: who. Elephants, for instance, investigate dung or urine they notice when foraging, and their reactions to specific experimental manipulations show they are using scent cues to keep track of the location of family members in the highly dispersed foraging group. Curiosity about dung and urine can help keep an extended family together.
So curiosity results in learning facts?
Yes, but it may also do more: although noticing and remembering information of the who-whatwhere-when variety is clearly likely to pay many species, it would be even more exciting if -like human scientists -some animal species are able to add a how or why, not just pile facts high. To find how and why questions interesting, an animal would need to be able to compute mentally, on the basis of known facts, whether or not something was likely to happen. We do this all the time, and when we detect a mismatch with what we perceive, we become understandably curious: we use curiosity to better understand the world. This means that some kinds of curiosity have the potential to tell us about the ways in which animals understand their world: specifically, cases in which nothing the slightest bit abnormal is present, superficially, but the configuration is improbable and surprising; to those who have a causal understanding of objects or a mental state understanding of individuals. Consider our own thought processes when we ask, curiously: "Why is she talking to those boys?" "What is that doing, just here?" or "How was that thing made, and by whom?" Does that mean that curiosity measures intelligence? That's putting it very boldly, but it's not far wrong. What information can be extracted from any given situation depends on how that situation is perceived. With more advanced perceptual and brain processes, there's more to discover; with more advanced motor abilities of brain and effectors, more can be done. Inevitably those species with limited perception, small brains, and restricted ability to affect the environment are not going to show much signs of curiosity; so what animals are curious about, and how long their curiosity lasts, may be revealing of their informationprocessing abilities.
How do you study animal curiosity, anyway? The seminal work was by Steve Glickman and Richard Sroges; strangely, there have been few studies since. They simply presented individual animals with the same novel and intriguing object, scaled for body size, and measured how long the animal stayed interested and how many different ways they manipulated it. Old world monkeys came top, keenest to investigate and slowest to get bored; predators were highly attentive but lost interest quicker; rats scored lower on both measures; sloths and marsupials were pretty incurious. It's a simple task, but surprisingly there is a rather close relationship between curiosity, measured this way, and species brain size -just as clear as that shown by elaborate comparisons on laboratory tasks devised to measure learning abilities.
Where can I find out more?
and more discerning in what they work for, since they'd have less to gain by acquiring general knowledge.
So what can an animal learn from being curious? Well, that depends on what sort of information processing it's capable of. Take that latentlearning rat in the maze: it certainly must have remembered what things were where, since it could go back and find food or water later, directly it needed to. This is perhaps the 'entry level' of learning from curiosity. More recent work, however, shows that some animals can add a time element to their curiosity; they notice and remember when things happened. We know scrub jays do, because when researchers give them perishable but tasty grubs, they cache some for future use: but they don't even bother to open the caches if too long has passed before they get the chance, presumably anticipating rotten grubs on the basis of their past disappointments.
Mangabey monkeys also show what-where-when memories, when A young chimpanzee who has never seen a grass-fire before uses a simple tool to investigate it. (The small fire was started deliberately, with a lighter visible in the picture, by one of the human carers for this particular 'rehabilitant' chimpanzee.) The chimpanzee's facial expression is called, for obvious reasons, a 'fear face' -yet the fearful animal was still curious enough to overcome his aversion, presumably using a tool to minimize contact with a potentially dangerous phenomenon.
